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PROBLEM STATUS

This is a quarterly letter progress
report covering the work of the
participants in the Hypervelocity Kill
Mechanisms Program; work on this problem
is continuing.

AUTHORIZATION

NRL Problem No. F04-11
ARPA Order No. 149-60
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i NTRODUtCj IOUN

Progress Report No.12 is a compiletion of quarterly
technl al progress reports covering the work of the
Hypervelocity Kill Mechanisms Program for the period
covering 20 March through 30 June 1963.

The reports cover the work performed in the impact
damage and the aerothermal phases of the Program. The
work covering the impact damage and aerothermal phases
was done by the Aeronautical Research Associates of
Princeton, AVCO-RAD, Ballistic Research Laboratories,
U.S. Naval Research Laboratory, and General Electric
Company.
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SUMMARY

Investigation of comDosite target combinations (non-metallic. fare.-
plate plus metallic back-up) was continued in three additional phases (III-V
inclusive) with one obseevation per condition. The target combinations
(I" face-plate + 1/8" back-up at 30-degree attack angle, 2" + 1/8" at normal
incidence, and 1" + 1/4" at normal incidence) were attacked by aluminum
inhibited jet pellets with the same impact characteristics provided in the
previously reported tests, The target hole dimension data obtained were
used as a basis f6r evaluation of the effects of attack angle and additional
face-plate and back-up plate thickness combinations under the same impact
conditions of the previous tests.

Thin plate perforation studies were completed using steel equi-axed
cylinders in the velocity range of 2 to 5 km/sec. Characteristics of the
mass, velocity, and spatial distribution of rear surface ejecta were determined
as the in,.pact velocity, projectile size and target thickness were varied. For
the case of the non-deforming projectile, it was shown that residual projec-
tile velocity and target impulse can be predicted on the basis of a simple
mathematical model. Most recently, the thin plate penetration studies were
extended to include experiments with much higher velocity projectiles pro-
vided by an inhibited jet design developed at DRL. Impacts on aluminum,
magnesium, and steel targets observed thus far are incorporated in summaries
of target reactions.

COMPOSITE TARGETS

In Phase III, four one-inch face targets - glass, fiberglass laminate,
phenolic nylon laminate, and polyethylene, each with three different one-
eighth inch back-ups- aluminum, magnesium, and steel - were attacked at
thirty degrees (60-degree obliquity).

Throat hole dimensions of the face-plate materials showed no tendency
to differ from those obtained at normal incidence at all thickness combina-
tions. The back-up plate hole dimensions at the thirty degree attack angle
tend more toward those of back-up plates in combinations of equal thickness
than toward those in combinations of equivalent thickness (2"1 + 1/4"). The
effect of rolling direction of the metallic back-up plates on the non-circular
hole dimensions appears to be more pronounced in some instances of this
oblique attack phase,

Ai

UNCLASSIFIED



U NCLASSI F'IED

In Phase IV, the face-plate thickness was changed to two inches while
the back-up plate thickness remained at 1/8th inch. The attack angle was

glass face plates were omitted. A comparison of results with those of Phase I
I against two-inch face-plates with quarter-inch back-ups does not show a
tendency of primary-target-throat-hole didraeters to vary with changes in
back-up thickness. The back-up hole dimensions in nearly all cases increase

with thinner back-up plates,

For Phase V, glass combinations were again excluded and the thick-
ness pairings were reversed to one-inch face with quarter-inch back-ups.
Attack conditions were the same as in Phase IV. By comparison with Phase
II, 1/8th inch back-ups, the tendency for back-up hole dimensions to increase
with decreased back-up thickness was even more pronoun.cr1 than for the pre-
ceding Phase IV. As in Phase IV, there is no marked tendency of primary-
target hole-diameters to vary with back-up thickness.

For the impact condition and target combinations used to date, there
appears to be a tendency for the hole dimensions of both the 1/8 and 1/4 inch
metallic back-up plates to increase with an increase in primary plate thick-
ness from one to two inches, This tendency appears more pronounced for
the quarter-inch, especially the aluminum plates, The hole dimensions of
all three back-up plates, however, are consistently smaller in the comnbina-
tions of greater thicknesses (2" + 1/4") than in those of the lesser thicknesses
(1' + 1/8").

Further clarification of shock-distribution and attenuation processes
is expected from the shock-pulse meas ureinent program. The composite
target program will be continued with the original four face-plate and threc
metallic back-up materials, but with an attacking pellet of approximately
eight times the present mass.

THIN PLATE STUDIES

Research on impact damage to thin and thick 2024-T3 aluminum targets
was contitued with two basic explosive projector systems. One system
utilized a 0, OZ gram steel projectile, the other a 0, 187 gram projectile,
While velocity levels of Z,0, 3.,Z and 4,0 kin/sec were used for the lighter
projectile, the velocity of the heavier projectile was increased to 5. 0 kim/sec
by use of a 1RL air-cavity projector, The pertinent variables studied for
thick targets were crater depth, diameter and volume; for thin targets,
entrance and exit diameters,

A 2
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For thick targets, crater volume was found proportional to the kinetic
energy of the projectile. At low impact velocities, the craters are narrow
and deep, while at velocities approaching the sonic velocity of the target
r•1,tr!2c C5 ! t/hi_ .. a..Lo appruach a hemisprierical shape.

For thin targets (of thickness exceeding 1. 5 timcs the proje.tile
length) the perforation entrance diameter is independent of target thickness.
For targets of lesser thickness , a decrease in entrance diameter was noted.

The spall particle distributions produced by projectile-target impacts
over the 2-5 km/s ec range were analyzed from a spatial distribution stand-
point for both normal and oblique incidence. Consistent with previous indica-
tions, the percentage of the total number of spall fragments in a given space
element was found independent of projectile scale size, projectile velocity,
or target thickness, In the case of oblique impacts, spall particle distribu-
tion characteristics are complicated by a dependence on azimuthal angle
(lateral angle relative to line of flight) and cannot be described in as simple
terms as hold for the normal impact case. The center of spall impact is
displaced radially outward along zero azimuth, the direction of the line of
flight of the projectile,

An analysis of the manner in which the mass contained in the spall
envelope is distributed spatially shows qualitative similarities to the particle
number distributions derived previously for normal incidence, from which
the inference is drawn that spall particle size is not particularly deperident
upon the space coordinates.

By use of a flash x-ray system for determining residual projectile
velocity and a ballistic pendulum for target impulse studies, values of total
target-spall momentum. have been obtained, Photographic determination of
average exit velocities of spall and projectile particles has led to further
applicability of a particle residual velocity formula developed in earlier
studies.

The photographic determination of the velocity distribution of
individual ejecta particles indicates that, for scaled systems, the velocity
distributions are similar in that both the maximum spall velocity and the
velocity of the maximum percentage of the total number nearly coincide.

Analysis of results has als o shown that, for the non-deforming pro-
jectile, the residual projectile velocity and target impulse can be predicted
on the basis of a s irr4le mathematical model.

A3
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Most recently, the thin target studies were extended to include

experiments featuring projectiles of the 131L inhibite(d-jet type at impact
velocities of 9, 5 km/SCL, lLimnited data obtained for spall systems with

aluminum, magnes iun and steel targets indicate:.

The distributions for: bpLil IIunLers and aias s es are similar

to those obtained with the lower velocity projectiles, i. e. , maximum
density occurs at the center of impact and diminishes radially outward.
Spall particle size continues to increase markedly with increase in target
thickness . The target perforation and spall diameters vary with thickness

and material in a manner qualitatively similar to results obtained with 5
km/sec projectiles.

Studies with the 9. 5 km/sec inhibited jet projectile are being

continued with several target materials for extension of previously derived
target and spall momentum relationships.

A 4
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PROBLEM STATUS - SECTION I

This is a Quarterly Technical Progress Report.
Work on this Project is Continuing.

AUTHORIZATION

NRL Problem 62F04-11B

ARPA Order No. 149-60

Amend~ients I - 7
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SUMMARY

Perforation of composite targets with spherical pro-
jectiles of known mass and velocity fired at different
angles was emphasized. In order to better establish
correlations of the impact effects on various ablative
materials and to analyze the results, both velocit.y and
energy range of the projectiles were varied. Approximately
45 experiments were conducted, with saboted steel and nylon
spheres having velocities between 3-6 km/sec. The materials
impacted were laminated and random-chopped phenolic re-
frasil and nylon and G.E. Series 124A. Back-up materials
were 1/4-inch thickness aluminum and magnesium for the
phenolics and 1-inch aluminum honeycomb for the 124A.
Correlations of the hole size with target thickness and
composition, projectile energy, velocity, size and density
were examined for each of the composite targets.
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INTRODUCTION

The purpose of the work presented is to determine the
impact effects on ablative materials and re-entry vehicle
structures from hypervelocity impact with compact pro-
jectiles of various densities, for example; aluminum, steel
and uranium. Analytical means will be used to explain
the experimental results and to correlate significant
parameters so that accurate and reliable impact predictions
can be made. These data provide part of the information
needed for determining the feasibility of defeating an enemy
ICBM by fragment impact.

PROGRESS

The impact experiments for this quarter are summarized
in Table II. Table I is a list of hole areas and equivalent
perforation diameters with the corresponding Round Nos. for
data previously reported in progress reports No. 9 and 11.
The projectiles were saboted steel and nylon spheres. The
composite targets were GE 124A and phenolic refrasil and
phenolic nylon bonded to 0.25-inch aluminum. The impact
results and the correlations that have been obtained for each
material are discussed separately. Figures 1, 5, 6, 7 show
the best correlations that have been obtained at this time.
In the next annual report curves will be fitted to the best
data correlations that exist at that time so that the impact
results for different materials can be compared. In these
figures Round Nos. are written above each data point. With
this identification number and referring to Tables I and II
in this report and similar tables in progress reports No. 9
and 11 all the conditions under which the data were obtained
can be determined.

Astrolite

The laminated and random-chopped refrasil phenolic
materials that were impacted this quarter are listed in
Table I1. The back-up material was 0.25-inch aluminum. The
projectiles were primarily 1 and 2-gram steel spheres with
velocities ranging from 3 to 5.8 kin/sec. Figure 1 is a graph
of the equivalent hole diameter D in the ablative vs impact
energy per unit of ablative thickniess for all the astrolite
data that has been obtained at NRL. The laminated and random-
chopped molded types are designated by triangles (A) and
circles (0) respectively. The data shown represent a wide

SECRET B2
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range of conditions. The ablative thicknesses were varied
from 1/2 to 2-inches. The back-up materials were primarily
aluminum with some steel. Back-UD thicknesses varied up to
0.25-inch. The projectiles were steel, aluminum and plastic
(Lexan) spheres and cylinders. All projectiles except the
plastic were saboted. Impact angles varied from 900 (norial
impact) to 15'. Projectile velocities covered a range from
approximately 3 to 7 km/sec; masses from I to 15 gin. This
corresponds to impact energies of 10 to 350 Kj. Considering
this wide range of impact conditions the correlation appears
good. A least squares curve will be fitted to this data or
improvements of it in the next report.

No consistent difference can be seen in the perforation
diameters for the laminated and random-chopped types of
Astrolite. However there is a difference in the front spall
characteristics of the two types. As shown in Figure 2
the front spall area in the laminated material is not much
larger than the perforation area. In contrast to this, the
spall area of the random-chopped astrolite is substantially
larger than the perforation area. The similarities and
differences in the spall characteristics for the astrolite
and phenolic nylon are pointed out in the discussion of the
impact results of the phenolic nylon.

In the impact experiments with the phenolic refrasil
material the back-ups usually came off the back of the ablative
material during the impact. This material was procured with-
out back-ups. Bonding was done in-house with a very thin
bond of glue. In contrast to this, the back-ups stayed on
the ablative materials that were received with the back-ups
bonded to the ablative material by the manufacturer with a
type of rubbery bond. These bonds were approximately 1/16-
inch thick.

Phenolic Nylon

The impact results for the phenolic nylon material
obtained during this quarter are listed in Table II. The
targets were laminated and random-chopped phenolic nylon
with 0.25-inch thick aluminum and magnesium back-ups. The ve-
locities for the 1 and 2 gm. steel spheres were varied between
3 and 5 km/sec in order to establish a. basis for correlation.
The changes in the impact results are more erratic than for
the astrolite material, causing considerable difficulty in
the analysis of results. An example of this inconsistency is

SECRET B3
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shown by the results from Rounds 4-851 and 4-852, see
Table II, and Figure 3. These two targets appeared to be
the same in all respects. impacts were made with a. i/4-inch
steel sphere at approximately 15,500 ft/sec. As can be seen
in Figure 3 the hole diameters nrr very different. There is
no quantitative explanation of these results at this time.
These differences may be due partly to the inhomogeneous
nature of the material and the orientation of the random-
chopped squares. It is felt that these erratic. results
will diminish as the velocity and energy levels are in-
creased.

Another difference that has been observed between the
laminated and random-chopped squares is the shape of the
front spall cavity. For the random-molded phenolic nylon the
depth of the spall cavity varies in a gradually increasing
amount from the outside of the spall cavity toward the center
of the perforation. The type of spa.ll cavity left after
imp ct into the laminated material is more sharply defined.
The depth of the cavity is more nearly constant from the
outside of cavity toward the center where the perforation is
located, see Figure 4. These spall characteristics for the
random-chopped phenolic nylon are very similar to the random
chopped astrolite. The type of spasll produced in the laminated
astrolite is different than the spall cavity left in the
laminated phenolic nylon. An example of this can be seen by
comparing Figure 2a with Figure 4a.

The recovered front spall pieces that are shown in
Figure 3c are often observed from low energy impacts into
the random-chopped materials ... The resulting shock-wave
intensities from impact are not large enough to completely
disintegrate the front spall pieces but are intense enough to
fracture the material around the perforation and loosen large
pieces of spall. The small hole where the projectile entered
the material is clearly discernible.

A correlation of the equivalent perforation diameter in
the ablative vs energy per unit thickness of the ablative for
all the phenolic nylon data. is shown in Figure 5. Further
work is necessary in order to make the results more definitive.
Although various modifications to this correlation have been
tried e.g. normalizing the hole diameter or hole area, none have
been successful. Other correlations such as hole diameter vs
impact velocity have not yet resulted in anything significantly
better.

SECRET B4
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GE Series 124A

A summary ot the impacts into the 124A material with
nylon and steel spheres is shown in Table II. The 1/4"
diamet-r nylon sphere (0.1560 gm) impacting at 90', did
not perforate the composite target for velocities up to
6.58 km/sec (rounds 5-3-60 to 5-3-67). The 7/16" ablative
material was perforated a.t a velocity of about 4.6 km/sec
(see round number 5-3-64). The projectile was still
visible in the bottom of the crater after impact in round
numbers 5-3-60, 61, 62. The projectile was removed from
the bottom of the crater in the ablative material for
round number 5-3-62 and the weight of the nylon sphere
was about the same as before impact. It could be seen
from visual inspection that part of the projectile was
composed of ablative material fuzed to the original
nylon. Although the nylon sphere did not perforate the
back-up, the associated impact in rounds 5-3-66, 67 did
loosen the last aluminum plate in the honeycomb sandwich
from the honeycomb for more than half the surface of
contact.

Correlations of the projectile parameters and the
impact results on this material are not complete; however
comparison of the equivalent hole diameter in the ablative
vs impact energy per ablative thickness is shown in
Figure 6 for all the steel sphere impacts. The results
show that the impact effects for this material are more
dependent on the impact angle than are the phenolic
materials. It was pointed out in Progress Report No. 11
that for the data obtained up to that time the angle of
impact did not make a large difference in the diameter
of the perforation as long as the energies were above
the minimum perforation value. This is still true for
the phenolic materials but not for the 124A material.
In this material both minimum perforation and the hole
diameter a.re dependent on the angle of impact. Quali-
tatively this can be regarded as a tendency for the
projectile to glance along the surface of the material,
which would tend to increase the impact area and increase
the hole size', especially if the material is brittle
like 124A. An example of this smearing out of the area
of impact is shown in Progress Report No. 11, Figure 9,
for a 30' impact into plexiglas. Some size effect de-
pending on the angle of impact will have to be used to
correlate this data. for impacts which are not 900.
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Figure 7 is a comparison of the equivalent hole diameter
in the ablative material vs impact velocity for 900
impacts with 1/4" steel and nylon spheres. Round Numbers

steel spheres at velocities from 3.86 to 5.57 kmi/sec.
The steel spheres completely perforated the target at
all of LUl veluciLies iii thils ra.zige.

Although the penetration characteristics of the steel
and nylon spheres are considerably different it can be seen
that the resulting hole size in the ablative using these
two types of projectiles is similar when compared at the
same velocity. This result is also shown by the impact
data. on the phenolic refrasil materials with steel back-
ups. (see Figure I round nos. 1-1-32 and 1-1-65). The
hole size using these two plastic (Lexan) cylinders is
compared with the data, for steel projectiles although the
steel back-ups were not perforated in either case by the
plastic cylinders.

CONCLUSIONS AND FUTURE PLANS

The best correlation that has been obtained for all
three groups of materials is a.n impact energy/unit thick-
ness of ablative vs hole size in the ablative. Other
correlations which have been briefly examined have not
been satisfactory. These were correlations of ablative
perforation area., normalized ablative hole area. and
diameter vs projectile impact velocity, energy and
momentum. The hole diameters in the 124A material are
dependent on the angle of impact, increasing as the impact
angle decreases. A correlation of impact velocity vs
equivalent perforation diameter in the ablative was
obtained for normal impacts (90') with the 1/4" steel and
nylon spheres. Various ways of accounting for the larger
holes in the 124A material at impact: angles of less than
90" were attempted, but were not satisfactory. In the
annual report a. least squares fit will be used on the data
for each group of materials with the best correlations
which have been obtained.

No consistent difference has been noted so far between
the equivalent perforation diameters in the laminated and
random-chopped squares phenolic materials. The front spall
cavity is larger than the ablative hole diameter for the
random chopped astrolite and phenolic nylon, and the
laminated phenolic nylon. In contrast to this there is
not much of a front spall cavity in the laminated astrolite
for most of the impact expe.riments.
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Approximately 35 impact experiments are planned for
the next quarter. The targets will be primarily Astrolite
wseI L 6 Lan d1a Luranium- Lipsp.h T cy inders-JJ.. Gh C tjcie

steel and uranium spheres and cylinders. The projectiles
will have velocities of 6-7 ikm/sec and mosses up to
10 grams. The emphasis will be to more clearly denine
the effects of projectile density, ma~ss and velocity o-n
the hole size in the ablative materials.
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TABLE I - HOLE DIMENSIONS FOR PREVIOUSLY
REPORTED NRL D\TA

Round No. A D
J. ai

____cm ~ cm

5-3-16 1.48 1.37

5-3-18 3.35 2.07

5-3-20 1.35 1.31

5-3-24 25.55 5.70

5-3-25 31.16 6.30

5-3-28 29.74 6.15

4-784 26.32 5.79

4-785 28.13 5.98

4-797 2.52

4-734

5-3-4

5-3-2

5-3-7

4-736

4-421 6.23 2.82
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Figure ?-(a) Round No. 4-865 12'x 12"x 1"
Lamrina~ted A3t rolitc'with a 0.25" Al b3ack-
up i inpac.tcd at 90~' with a 5-16' steel
sphcre (2 04 gmn) at a velocity of 5.037
km/ Isec.

Figure ?_(b) f. Roud No. 4-866 12 "x 12'x 1"
Random Chopped SqUa re s Ast rolite with
* 0.2 5" At. hark -LIJ) imlpalcted aIt 90* With
* 5- 16" steel spheictc (2_04 gmn) at a veloc -
ity of 4.970 kni/ sec.
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* ~ ~ ~ ~ ~ l PAN~~ t~~? Xt

3(a) Top Front 4-851 3(a) Top Rear 4-851

Figurec 3(a) - Round No. 4-851 12"- 12"- 1" Randomn Chopped Squares
Pheniolic. Nylon with a O.ZS Mg. back-up impacted at 900 with a 1/4"1
steel sphere (1.045 gin) at a velocity of 4.75 kmi/sec.

IT4 (-' ,

3(b) Top Front 4-852 3(b) Top Rear 4-852

Figui-e 3(b) -Round No. 4-852. 1 2" 12",x I' RandIom Chopped 5Squares
Phenolie Ny) on with a 0.25" Mg. back -up impacted at 900 with a 1/4"
steel sphacr (1.045 gin) at ia velocity of 4.75 km / soc,
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elf MA
Er;: rp~OJ

""N~5 V.:

Figur 3()RudN.485 n -5.Rcoee rn p

"picsplcdbckit palcviyatr mat

10 "SPC 0sSAC

FRO Re TO

Figure 3 (c) -Round No. 4-851 and 4-852. Recoere front 25 palmnu

witne ss plates placeri 10" behind target.
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Figt a 4(a) Round No. 4-871.
I ~12x I" Lamninated Phe nolic'

Nylon with a 0.25' Al. back-up
im pa ctcd at 900 with a 5/16"
steel sphere (2,04 gin) at a ve
loatty of 5.0 km-/sec.

4'4

Fi gmur 4(b) -Round No. 4-867.
1 2'x iZ'x I" Randomn C h o p P) e d
Squares Phenolic Nylon with a
0.25' Mg. back-up) impiacted at
900 with a 5/16" steelsin hiphr
(2.04 gin) at a velocity of 4.54
kmIn/ sCc .
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Impact Damage By Large Mass Materials

C.D. Porter

J. Davis
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PROELEM STATUS

This is a Quarterly Technics!. Progress Report.
Work on this Project is continuing.

AUTHORIZATION

NRL Problem 62F04-IIC

ARPA Order No.149-60
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SUMMARY

Preliminary work in structural anaiysls or thie MK iv
nose cone impacted with 253-gm Lexan cylinder at 5.6 KM/Sec
indicates that about 1% or more of the projectile energy
was transmitted to the remaining portion of the structure.
This 1% appears sufficient to account for the severe
delamination of about 50% of the ablative material. Trans-
verse wave propagation as indicated by breakaway of a
light shield appears to be the mechanism for the major
portion of energy transferred to the structure.

Improvements in large gun accelerator techniques are:
the development of a ring-seal type sabot, the improvement
of the NOL petal valve, and the development of a low-
friction, hydraulic piston.

Future impact studies and instrumentation are dis-
cussed.
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INTRODUCTION

gun (1, 2) was started in early March. The objective of this
program is to study the effect of large, dense, concentrated
and distributed masses on impact damage.

Observations on the structural aspects of impact damage
is reported. Much of the analysis of the damage on the first
target has been done during this period for purposes of deter-
mining the type of instrumentation needed in the structural
and distributed mass studies.

Areas where improvements have been made in the accelerator
are also discussed.

IMPACT ANALYSIS

Optical

A Fastex framing camera was mounted to view, during
impact, an elliptical sector of the Mark IV nose cone with
the major axis of about 30 inches and minor axis of about
20 inches. Figure 1 is a schematic plan view of the Mark IV
target in the target chamber. The front of the target was
suspended by means of cushioned studs welded into the chamber
wall. The rear was hung by a. cable suspension to overhead
rings. Impact was planned on the cylindrical section 6-inches
ahead of the main steel reinforcing ring, which connects the
cylindrical section to the first conical section. The forward
tip of the viewed section is approximately the same distance
from the reinforcing ring and 90* from the impact point. A
1-inch thick celotex light-shield was placed completely around
the impact area. The exposed areas were sealed with tape to
avoid overexposing the film during the early phases of impact.

Figure 2 is a sectional view of the target at the point
of impact. The sector viewed by the overhead camera and the
section of the impact flash shield are also shown. Of par-
ticular interest is the arc length (14.3 inches) from the
impact point to the taped joint topside of the upper flash
shield.

Color film was used to gain an idea, of the color of the
major visual radiation from the impact as well as to gain some
idea of the velocity of the ga~s particles. The faster the gas
jets and dust particles travel, the nearer the radiation from
the residue air wake approaches the ultraviolet region.
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The first view, Figure 3, is taken at the start of target
impact by impact flash seeping around the loose taped joints.
In the colored photo of this phenomenon the almost blue light,
d.vO..lalJl i n I 'LL.L-ig i. tlL.iaLyL uJ.l~y .LLJJ a £f,ý W aIIL rL.. ' O=%%JLAJI 0aL L.CL

impact, was noted. The squa.res on the viewed section are of
two-inch size, and the marked area. (viewed section) is only a
small sector of the target which is too large for full coverage.

In the next frame (not shown), 160 micro-seconds later,
the light had already decayed below visibility, except for a
small area at the forward part of the viewed section which
flowed yellow from gases which were flowing through a break-
away from the ta-ped shield and target.

In the next frame (Figure 4) 320 micro-seconds later, the
lower edge of the light shield and contacting target had
completed its break-up exposing large areas to the direct-view-
ing of the heated gas composed of the lower intensity target
dust and residue target chamber atmosphere.

In the upper left portion one notes luminous linear streaks,
some of which are a foot long, which do not show the turbulence
of gas flow. It is believed these are the radiant wakes left
by particles sprayed back from the impact crater and traveling
at high speed through the rarefied air.

Considering the onset of edge-seal break-up as occurring
in the 130-160 micro-second period between frames, one can
calculate the velocity of the distunbance propagated over the
14.3-inch path as lying between 2,27 km/sec and 2.80 km/sec.
The measured longitudinal wave velocity lies between 3.23 km/sec
and 4.41 km/sec depending upon direction of propagation in the
material fibers. The transverse wave propagation velocity has
not been verified for the composite sandwich. The velocity
range calculated from photographic observation could be that
of the transverse wave because the velocity of transverse pro-
paga-tion is considerably lower than that of the lon±gitudinal mode.

STRUCTURAL ANALYSIS

Evidence of structural absorption of the projectile energy
is contained in the ruptured and bent structural ring member
and deformed lips around the hole as shown in Figure 5. Analysis
of this work of bending shear and non-elasticý stretching shows
that at least 40 kilojoules of energy was absorbed in perform-
ance of this work. A reasonable assumption is that this defor-
mation energy may be linearly related to the energy actually
transmitted to the target shell structure around the hole which
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was responsible for the severe delamination observed. The
projectile possessed about 3,940 kilojoules of kinetic energy.
The known deformation energy is a little over. 1% of the impact
energy. if an equivdi.uL AItUULiL Uf kIrLLviL ie-L-rgy ... U A thI
structure, this energy in potentia l form is equivalent to load-
ing the structure with 14,000 kilograms over the hole area with
a. resultant deformation of 28 cm. Such deformation would
definitely crack and delaminate the ablative (Tape Wound Re-
frasil). Large pieces of ablative material weighing 9.38 kg
cracked off beyond the hole area and were recovered. This is a
complete breakoff of about 11.5% of the ablative surface beyond
the hole area, which is 3.0% of the surface. Loose strips com-
prising about 35% of the surface would have broken off quickly
in the slipstream around a re-entry vehicle during flight.

This added damage could be the result of structural defor-
mation and vibrations and is an aspect of damage that has not
been observed in previously controlled flat-plate experiments.
This aspect Of damage may have considerable bearing upon the
ability of an impacting mass to kill an incoming missile.
The preliminary study adds considerable impetus to the effort
to improve the instrumentation upon the target. A break-
screen network may be devised to analyze the wave velocity
behavior in an impacted structural target.

ACCELERATOR TECHNIQUE DEVELOPMENT

Large Gun Prototype

Every 8.2-inch gun firing, involving changes which may
increase gun stresses, is duplicated parameterwise on a 40-mm
gun whose high-pressure section and core duplicate in 1/5
scale every detail of the respective sections of the 8.2-inch
gun. The high-pressure case and high-pressure core are shown
in Figure 6.

Parameters similar to the next 8.2-inch gun shot selected
for the prototype firing are as follows:

40-M Prototype 8.2"LG-Gun

Piston Size 1.63"OD x 12" 8.2"OD x 60"
PiAton.:,Weight 411.6 gm 113.5 lb
Projectile Size .5" Al. Sphere 2.45" Al Sphere
Projectile Weight 3.01 gm 361 gm
Ring-Sea.l Type

Sabot .122 gm 15.2 gm
Powder 150-gm,2Omm + 135-gm,40nn 851b, 6"*
Propellant Pressure 42,000 psi 40,000 psi
Driver Gas 210 psi H2 210 psi H2
Projectile Velocity 19,000 fps 21,000 fps

W" Prop=ant weight increased to give a greater projectile velocity.
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Ring Seal Sabot Development

40-MM, 50-Cal. Prototype.

A feature of this shot was the ring-seal type of sabot
designed to give a lightweight self-stripping support to the
1/2-inch aluminum sphere. If launch tube cross sectional
area is A, sphere cross-sectional area is S, sphere mass is
M and sabot mass is M then allowing for a narrow band of
f~iction in the area near maximum ball diameter, it can be
shown that if

Ms A-Sn -p- 1.1 (S)
then sabot and ball should accelerate together.
To make the sabot light as possible (about 4% of sphere mass)
there must be little clearance between ball and the launch tube
bore. A ring-seal sabot was developed on this basis for the
40-mm prototype as shown in Figure 7. Figure 8 shows the
half-inch, 3.01-gm ball stripped of the sabot material as it
passed the velocity stations, 2' apart, at 18,961 fps.

Hydraulic Piston

One feature of the prototype shot was the addition of
packed steel wool about the stem of the hydraulic piston,
Figure 9, to add the piston weight needed with the heavier
projectile and to keep friction and distortion down. The
packed steel-wool is carefully taped so that the wool is
separated from the wall by a. layer of water. About 307% of
the piston weight is plastic, 22% steel-wool and the remaining
48% water.

Petal Valve

After analyzing the results of the first shot of the
8.2, 2.5-inch hypervelocity gun, it was decided that the
slider-type break valve should be replaced with a. petaling
diaphragm valve. (Figure 10)

The advantages which the petal valve has over the slider-
valve are: the break pressure of the petal valve is unaffected
by pressures applied by surrounding core parts; the opening
and opened phases of the petal valve nozzle are aerodynamically
more desirable; there is less tendency to close; and there is
a reduction in machining time and cost. The disadvantage of
using a. large petal valve has been the breaking off of pieces
of valve material which would damage the projectile and launch
tube.
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A dynamic valve tester was designed which would duplicate
the valve section of the 8.2, 2.5-inch gtn. The first test-
valve was made using the NOL design parameters (3) Examination
after testing showed a ragged break which seemed to be inclined
a.t a 45-degree angle. (Figure 11) The total mass-loss by
weight was 2.95 grams. The second test-valve was aoltered from
the first by adding a. small control line at the bottom of the
major slots with the hope of reducing the raggedness of the
break and the mass-loss. Examination after the shot again
showed a ragged break which was inclined at a 45 degree angle.
The mass loss was 1.77 grams.

After two valves, whose breaks were inclined on a 45-degree
angle, it was concluded that the material was failing in shear
with the maximum shearing stress occurring on the cross-section
inclined at 45 degrees. This phenomenon occurs in certain
types of materials.

From the above observations it was concluded that the
failure should be controlled to be a smooth break inclined at
a 45 degree angle. This was attempted by putting control lines
on the side opposite the major break slots off-set at a 45-
degree angle. Valves from the third test were measured to
determine the amount of plastic deformation before the start of
the shear-type of failure. From the deformation measurements
the control lines were relocated a.t an angle of about 22 degrees
measured from the perpendicular cross-section-line through the
major slot. (Figure 12)

This fourth test valve functioned as desired. The break
followed the control lines giving a smooth break with no
noticeable pieces missing (Figure 13). The mass-loss by
weight was 0.17 grams or 0.01% of the total valve weight. The
measured break pressure was 75,210 psi compared to the desired
break pressure 75,000 psi. The functioning of test valve No. 4
was deemed satisfactory and a duplicate will be used in the
8.2, 2.5-inch gun for shot No. 2.

FUTURE WORK

Instrumentation

A 4' x 4' x 1 1/2" ablative target with 1/4" steel back-
up is being set-up at 90' incidence to study mass scaling
effects on thick ablative targets.

Specific instrumentation planned includes:

(1) Orthogonal flash X-ray units to view back of target
after the steel back-up plate opens up.
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(2) A shadowgraph system to obtain velocity of petaling
pla.te after impact during the petalitg action of the back-up.

(3) Chronograph screens to measure the velocity of the
fastest particle as it proceeds through a systemr of serpens
set at various points in a maftex-plywood witness arra.y in
which particle recovery will also be carried out.

(4) Delicate screens will be placed about the impact
point in the ablative materials to study the wave propagation
velocity. An attempt will be made to differentiate between
the longitudinal and shear modes of wave propagation.

(5) Accelerometers will be placed in the areas where
they will not be dav.aged to get a better idea of energy
absorbed by the structure.

(6) Two new vertical viewing systems will provide
orthogona~l views of the projectile array for future dis-
tributed mass studies.

Density Effect Study

An effort will be made to use the ring-type sabot to ac-
celerate dense materials.
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PROJECTILE

A ~~CUSHION---

IMPACT

TOP WALL OF POINT /
LIGHT SHIELD / -
(I CELOTEXI NERA

/ - ~ z'. -~SUJPPORT RING

/VIEWED /
-IEND WALL. OF ,/ AREA '

LIGHT SHIELD

~AUXILIARY SSESO

<WITNESS PLATES

OVERHEAD CABLECUHO

I" CEILOTEX__" 4.5" THK ALUMINUM WITNESS PLATE

Figure I - Target layout of shot 1 (8.2-inch, 2,5-inch gun)
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SECTION A-A

Figure 2 - Vertical section through Mark IV
target at impact point
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Figure 5a -Structural deformation of target
in impact zone

FORWARD CYLINDER /
(J" STEEL BACKUP)

28 LINEAL INCHES

SUPPORT -g0.
RING -

18 LINEAL INCHES

A A __ j

WELD I

A-A 9LINEAL INCHES

I EDGE DETAIL AROUND HOLE
- 2----32- -- IN CONICAL SECTION

Figure 5b - Structural deformation of target
in impact zone
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Figure 6 -40 mm high pressure case and core section
(prototype shot for 2nd 8.2-inch shot)
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Figure 8 - Velocity station shadowgraph of .5-inch sphere
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POLYETYLENE FORM

FREE WATER LAMINA- SPIRAL TAPE RETAINER

--'PACKED STEEL WOOL

Figure 9 - Weighted hydraulic piston
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iSLIDER
VALVE

~PETAL,"'VALVE"

BEFORE FUNCTIONING AFTER FUNCTIONING

Figure 10 - Photographic view of petal and slider valves for
8.2-inch, 25-inch HV gun (from compression tube side)
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Figure 11 - Petal valve diaphragm with 220 control lines
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Figure 13 Petal valve diiphvagmn with 220conto lines
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SUMMARY

Experimentally deteroinned heat fluxes experienced by ;an a pparat uas designed
to simulate a punctured reentry vehicle are presented, The facilities employed
as sources of high-enthalpy gas for these experhicnts were the Avco RAl)
hydrogen-oxygen rocket engine and the Ten Megawatt (10-Mw) aih aivre. A
correlation of jet impingenment heat-transfer ratios is also prusented.
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1I. AEROTHERMAL PHA\SE

A. EXPERIMENTAL

1. Apparatus and Procedure

The apparatus used in the expe riniental studies of inte rnal heating of a
punctured rec nry ye hicle was designcd to s iniulate two generiic famvilies
of reentry vehicles: (a) hemisphere -cunt, -cytincle r-fla re vehicles with
integrated or noninte grated intu'rnal structures, andc (h) hem-isphere -cone

ve, hicles.

Thc hernisphere -cone po rtion of thc apparatus, ernployed in st udying inter-
nal heat transfer for both fam-ilies, %vas mia chineci fromn OFFHC (ox~ygen-free,
high -carbon content) copper. The heis ph e re had an interinal iani e te r of
4. 0 inches and was tangent to the c-onical portion of this Section. lThe half-

angle of the conical section was 22. 5 degrees and it had a base diaml-eter of
10. 25 inches. At thle base of the cone there %vas a short cylindrical section
wtith a length of 0. 50 inch; this section was instruenItedOC withl Six ins ulated
copper calorin-iteters in at commnon plane, ats indicated in figure 1.

All caloritnete r front faces are fLush with the inneri surface of the section.
The axes of the calorimieters closest to the base plance of the Cone are ait afn
angle of 22. 5 ciectrees froni this plaine. The extension of the c enter Lines, of
these two calorimleters intersects the axis of syrnrue try of this section inl tile
plane of the base of the cone. The Location of each calorimeter in this sec -
tion is given in table 1.

4 ~ ~The cylindrical portion of the apparatus was constIrucetei fromi s umdarmc
r ~~stainless -steel pipe. The outer~ cy lndii' had a length of i16. 0 inc-he s and anl

i nternal diamneter of 10. 25 inches. This section vuas instrumiented \\ith fve
-insulated coppe r calorimnete rs and two presur Lzim tps, ats indicated inl figu're,

The location of each calorimeter is ghtvcn hin tatble 1.

The case of a vehicle of the he muis pherc- cone- cv I od .- nfare e ouingui-at i
with a noninte grated internal body ,%ass Sii~ula-~lte~ ci b\' en clos ing a Cvii n drical
body withi a hero is phe i-ical front face with in the apparatus_ Phiis assvcml) l
was al1i ne 4 so that its axis of svrn metiv Eoincide ciWith that Of the on Ic
cylinder. The cylindric al section of this assi'1 mu bly had anl outs ide, ci ia me'te r

of 6. 625 inches and was 1 6. 50 inches in length, It "as instriui-nenotd x\ t h
three calorimecters as mindic ated in figure 1cI. The kWeat on of each cal mii m-
e Icr is, givenc in ttble- 1. 'File helit- h n fr-LI t falce t f thle ass e niblyv w i
mina chine c from) 01" IC: copper a uci had a diianmeter of 6. 562~ inches. -itws

ijistruirnentec with thrC-e (.atloniiete i'S, aIs givenl in tale~t 1

G(9
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The entire apparatus has been sealed from the environment by welding a
plate to the rear of the inner body assembly. A section of the entire
assembly can be found in figure 1.

The hemisphere-cone section of this apparatus (see figure 2) was em-
ployed in the study of internal heating of vehicles of the second generic
family. This was accomplished by sealing the rear of this section with
a circular flat plate instrumented with six insulated copper calorimeters.
Calorimeter locations were at the center of the plate and at radial dis-
tances of 1. 0, 2. 0 (two calorimeters), 3. 0 and 4. 0 inches. In addition,
the plate was provided with five pressure taps at radial distances of
0.875, 1. 875, 2. 875 (two taps) and 4. 875 inches from the center.
Calorimeter locations are tabulated in table 2.

Two large threaded holes were cut in the base of each gcncric model to
provide a means of venting the apparatus; vent area on each apparatus
was varied by inserting plugs with various hole diameters into two large
threaded holes. The vents were positioned so that flow within the

apparatus would be symmetrical in nature. With this system, vent
diameters could be varied from 0. 1875 to 1.05 inches.

A series of experiments was conducted with the previously described
hemisphere-cone-cylinder apparatus using the Avco RAD hydrogen-

oxygen rocket engine facility as a source of high-enthalpy gas. These
experiments were performed with an inlet hole diameter of 0. 750 inches
located on the axis of symmetry of the apparatus, simulating a puncture
at the stagnation point of the reentry vehicle.

The apparatus was coupled directly to the rocket engine facility at a
point between the combustion chamber and the exit nozzle, as described
above. The passage from the rocket engine and the apparatus was
sealed with a gasket, acting as a rupture diaphragm, as indicated in
figure 1.

The pirocedure followed in conducting each test is presented here. Prior
to each test, the enclosed volume of the model was purged with argon to
remove any residual hydrogen and oxygen from the system. This pre-

caution was necessary to eliminate any combustible gas mixture from
the model. The rocket engine was prcloaded with hydrogen and oxygen

to obtain the desired stagnation pressure and combustion gas composi-

tion. The engine was then ignited and brought to stable operating condi-
tions, using a quick start procedure (i. e. , chamber pressure and corm-

bustion would become stable in less than 0. 50 second). During this

rapid transition to stable operating conditions, the diaphragm between
the apparatus and the rocket engine ruptured allowing the high-enthalpy

combustion products to enter the apparatus.

CIO
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In the experiments with the 0. 75-inch diameter hole, data acquisition

system limitations made it nece ssary to restrict instrumentation to
nine channels. Pressures recorded during each test were chamnber
pressure, box pressure, hydrogen and oxygen line pressures, and the

pressure in the pipe directly opposite the passage into the apparatus.
Hence the number of calorimeters employed in each test was a maximum
of four. Due to interest in the high heating rates experienced in the
vicinity of the imnpingenment point of the jet, the thermocouple outputs
recorded were those at stations 4, 15, 16 and 17 (see table I for cal-

orimeter locations). Test conditions for thcsc experirnents are pre-
sented in table 3.

A limited number of tests were conducted with the henlisphere-cone
model on the rocket engine facility with a 0. 50-inch dianmeter inlet hole.
Experiments were conducted with the systemn vented and unvented. 'T
the unvented firings the response time o. tne system proved to be so

short that little or no heating was experienced. Vented tests were con-
ducted with vent-to-inlet area ratios of 0. 945 and 3. 78. Heat fluxes
were measured at all calorimeter locations and at positions I alK& 4 on

the conical portion of the model and at all calorimeter stations on the
rear plate. The internal pressure was nmeasured at a radial distance of
0. 875 inches from the center of the back plate. Test conditions for
these experiments cap be found in table 3.

Attempts were rnadc to measure the gas teniperature v.ithin the apparatus
in several of the previously cited experimnents. Hov.wever conduction
losses experienced in these measurements were found to be so large
that the thermocouple output rneasured was unreliable.

Ten Megawatt (!0-Mxw) Arc Tests

A number of tests were conducted with the heneisphere-cone-
cylinder model (figure 1) with a 0. 50-inch diameter inlet hole on
the Avco 10-Mw Air Arc Facility. A.\ll tests considered in this re-

port were performed on an unvented system.

The essential components of the 10-Mw multi -arc heat, include. a

4-inch diameter plenum chamber into which four 2-NMw plasma
generators exhaust radially and one exhausts axially. The arc-
heated air mixes in the plenum chamber and exhausts axiallv in the
sixth direction. The high-enthalpy air passes through a water-

cooled transition section having a length of 3. 0 inches and then
through a 10-inch water cooled extension. Dow'.listream of the Cx-
tension was an uncooled copper tube 9. 81 inches in length: after

passing, through the uncooled section the high- enth-alpy air flow-s
through a s onic nozzle and Cxh1aUsts in to the atmosphere. Ak passa,,c

CIl
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front1- the UoneOahd pipe inlto thi tes pit clpa'atU.ý. ['his passage opins

6. 75 inches froin the iiJsU' at of the unuu,)Wid jpipe Thu pLaswA"g-
wasti at t'"51. Tlsitai' of IT 75 in hs fromt th pkniani MniitlI"i
,rbu inside Iliametr of &llI i e tV~ciii fh,; piitiit~j (i jaJe Lol

the exit nozzlIC wais 1. 25 inches.

T'he actual proce Wirn C ilpIOYL in Ahm cxpuriii imcM w c w is (Ic-
scrnibed he re, Arc ope rating co nd~it ions Ui. v. , gas fbl~o ratis, ex -
hau~st (107/lu (ialjictit't and( power' to eilch arci) w'hjtich r'i'qaiN'd
to obtain a (c~il'Usrd pl)unain1 pressure anld gas (1ntlialpy Were du~te 1-

initJ.d froat arc data. recordedc in p levi otis u xp-rini oca~s. Prior to
fi ring the a:-c, ia s flmv ra te throught the s yst was aidYi I(justed toi
the deire IPcd valu~e tad PCeOVtIded. Af~ter gas flow stabidliat tiolt, the
pow~eri breaker "as closed. 'The arcs Oetween the ca rhai catilojdes
andC \vatU -cooled copper ittales weeinitiated by llmeans of a
tungs ten wire strn t'A ir t ugh hiles in thu ctithode aitd conitactin~g
the anode. TO air was tuec td tangentallyhitoCa el~ ire: chamber
and was heated toa Lihgh tem-rpo iatutrv by passing through the swirl-ing
arc, Steady-state, Vii tos of airc eat'rent, voltage anad ple num p r s -

sur i~'worie obtain ed tin a pprioxinatl Ii S IL' ly 0 S 11 (i i L te r theic s !air t (IL t het.
expe rin'ient. Steady state qperat Lag cuonditions for lisu v 'xpeii -

rmeas are t bIuibtted in table 4.

As was thw ca so in the tU-Veated expe('ýintents on the rocket aengine'
La duity, a gasket wa~s place a'Ctc ross the hpas satge between td im niml'
anad the nianin gais flowv. 'The S ttdde a rise in p let 11111 p1 i'e SUV LI' \wtic h
a ccured when the (ire "ais fi red cautsed the .[mapht ingin to rupturie
allowing high -eatha Ipy at1iri to fu" in'to) Me1 . jparatuts.

2, E'xpe rimiental Re sults

a. H-ydrcigen -Oxygen Rltekp't Lngine Expet-ir i'at s

Edxpe rim~entail he at, fluxes obtaind lit the tests c ondactd on the
rocket, engine facility with the vented huni spiteu -unite -ciyLiitile t

apparatus were shinilar in nalto ' i to those il'pitrt'd in r'efe ren ce I,
for the 0. 50-inchi diattiete r inlet hile. In twincral. tiii ic spintso e i
the apparatus "as atere rapid "ITl the t0. 75-inc It dn iitel i' tid
htole andi lie ii ig wOas iti ti so.vere, at givyen vailties of pipe anid bo\
pressutre. 1Fo' exaimpli', Lit ai Litltiuli'r Pi-,ýus tu' oL i.ppt'oXinittti'1.'
85F p: i5 atid a box pressui'' of 55 psi'i, thte inlisitri Wiett flax ati
the apex of Mie inner b)idV was 275 IBtit/ft2ý-te atnd 000 ittLt-e
forit' mtt iolei diaitt~etes of Q. 50) andii 0) 75 hitie, ri'spin-tively. VAI it
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al fixe'd d~istanlce of tin' eaaiitr tout tin' tiginl at t 1, it i(sing

the jet dianiete r resilted in l il Jea i ijt -lenytt-ta-d in I
Ti .,,, Ir if . n . n .i ., i .i .rn .i .

less prooun0lced WWIt tHe lalrgel i' hal, and( jet nitlpinigt'tvettt tea ii
waOs yare severe.

As was the case, for thek. smea l~er haole, [ttw s t~agun tut poiint litat fleix
rose. to al prnkII Vn Lie very Carly ill eaCti eXPC rill 01 1  udIC then1 tie-

creased to at reinatively conistant vaedue for timue~s lange i thlan 1. -
secondls afL' r the start of the lest. I-hating conuditions at the Ut rue
other stationls m-onlituord in these expo rin-teu tts renittinod to lativi' Ic
COflS [alt

1 withi time afte r the initial transient. The miaximum1-1 he0at
flux experienced in thiese firings was 1275 B3tu /ft- scc ait a clal uber
and box pres sure of 123 2 psia and 22. 7 p sia, respectively. IExpe ri-
mental hecat fluxes for all teats couiductodl with) the 0. 75-incli dtiameter
inlet hole are tabulated in table -5.

'rho rrmasured pre ssulre within thte sys teni e xhibitecl ai very aiitiirp

peak very early inl tauli lest,. Vtlovwiig thiis. tI.' prcssutrm dti('i';iscdH'(
to: aI relatively low), vaIlue inl a til ne at IcS ss than I. 5 01c (d1s. Elhe
internal pre ssure hi story h~ad a brief transition periiod following
this local ruiriniant~- and thoun increased gipradue Ijly for' tito a me tunide r
of the test period.

Internal hieat-transfer rates weore abt~ailld fra1-i1 expe min-ients anl the

hydroge~n- oxygen rocIket engine Laoilirv With thelie nt 11splite e -cone

model described in section A. I. Theo sysatemi \;.as ins-trumn-i td
with eight transient copper cuilorirnotel's itis cit ('d previously. Pir'e
sores ro coriled c antiuous ly daring cadac firiitg we ioe chiant bet
prne ssure, pipep'o MS sore11, oxygcn- and liyd roguen-line pros so to s and
box pros sure. The pro s-s uro withiln Utw appitira~tes watsnc s trdat
a point 0. 875 inia hs fromt the cantor of tlie rear plate.

since it vvas found that tliere was Lit tle or no re 5pto am' inl tlte. ,isy stoem
when the apparmatus wnas run inl tinl u11veIttedI coitditiattt1ý all oxpe ri -

ments were with a vented mnodel, Vent-L to -inlet a ia aLasw olo
0., 945 and 3. 78; the inlet hole hatl a duianutote of 0. ill utcil,

Conmputedi heat. fluxes Obtainet1 froan t11ite expe, rI'uetittil dilta ltiltheso

toes ts were considermably loweri titanthia expi' v.0riitlced( Llitde r con-i -

parable ope rating eondliti ans (i. c. , ciamhinhur pro isa tre, [intc'rnti

prossurme, anid iib[-Itole hn et dukti wi [WI lti t'iisle t Wtt
cylinder ajpparaýtus,. Quit' aigain tltis vLiltritiolii il heat fflux it' tin
itnipiugeritutittt point wtila [ttruibUte to 0ie. 1t,'l1te 1im io it Jeýt VO'lilt)ity

and enthialpy in thte distan1ce fromn t lie inlt hictt o tii ciii itutrititett.o

lIn these experimeitts, [lie illIj)illgititttltt pttuttt WtIS 0tlisttiitC iii

C: 1 3
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19. 3 diame ters downstream of the jet exit plane while in tLhe (other

model the niaxinun-i distance was 11. 7 diametors ,with bi 0. 50-iH Ii

inlet hole.

In general li t'O was little variation in the measure Id heat flox with
7';IrliA t-- (-- !---the instrUmen-,ited rear plate of t!h'- appar; tu:t ;
(r. g. , tile flux at a radial distance of 4. 0 inches w as never lcsa

than 50 percent of that experienced on the center of the plate). The

response of the system following breaking of the rupture ditiphragn

was much the samne as that noted in reference 1 for the h.emt5s])Ilhtrc-
cone-cylinder model. Computed heal fIll< f•r ll tI itionso onl the,

rear plate pe•aked very early in each experinubnt and then dropped

off fairly rapidly with time. Later in the test, heating rates

approached a steady state value or decreased very slowly with
time. An example of the above flux history is as follows: for an

experiment with an average chamber pressure of 107 psig, experi-
mental heat fluxes at station A (see table 2 for calorimeter loca-

Lion) were computed as.260, 152, 155 and 160 Btu/ftz-sec at Limes
of 0. 50, 2. 00, 4. 00 and 5. 00 seconds, respectively,

Pressures recorded wvithin the apparatus during the experi'ments

had the same variation.\ with time as described in previous re-

portsl, 2, 3 concerning \ented tets . The internal pressures had ii

very pronounced peak early in time and then dropped off rapidly

with time. Following a local minimum in the internal prssurle,

the pressure increased slowly with tin-io for the rernainder of the

experiment. Experimental results for all toests coaduc ted with the

hemisphere-cone model are tabulated in table 6.

b. 10-Mw Unvented Experiments

In conjunction with the vented tests co nducted oat this facility, de-

scribed in reference 2, several unvented experimenis werT per-

formed with the hemispher-cone-cylinder model.

The response of the ;ysitern following the breaking of the rupture

diaphragm was similar to that reported in reference 3 for un-

vented oxperimnents conducted in the hydrogen,-oxygOn rocket enigini

facility. Internal and external pressures equalized in a short
period of time. In all cases, teat fluxes obtained at the var'ious

stations in the forward portion of the appratiUs rodeahod a pektk

value very early in time and then do croastsd for the rLollailldv.l r

the experimoent. 'hile ijitioi peak valil:: o0ccurred ait t tile %%henll

the pipe and box pressures we not equial, i. e. , the high-cnith ljlpy

air entering tle apparatus was in the form- of a high-velocity je.t.

-At later tin-is the heat fluxes weere of lowe'r magnitude, a nll flow

C 1 .
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intO the ;IPP)rotuN Was diupudndit on wunu iy win mad tu rial in'u

severe2 h ~ltiIU coinditiu itS\ ru (l'ruit1in tll t.h1  vi(init'/ 1)I thi, (t-

tilose incatsut~rlcin the cylindrical socutna. Tis pinmno on Ui'UVis it

apParatUi VwhiCh SUVI'Mllld the jut of hil2,1-Cnlttwnlpy gaus.

Liipertmnw].ta resu0lts obltajl~lwin all unvuiituc Lusts codtt (lI w) th1

lO-N4M~ fa~cility arc piW5ch tnIo ill talilt 7. iENIW.'illlulltiat 1)1251 .'(II

from~ twO tests (3553 and 06l1) are qtitstionttilu due to wi ;qpiJI ijt

shift in the Zer pII in~it LII th Lra sd.I r t 0111 SttL 12 u ill~2 inI th f i r ing.,. Iii

suniv Pxpcuriniont~s poor lu Su~titOII of the tiwU Il 2 sObtaiit ud 1 II' Su VuCPI

cain riictlu sta2V tions11 indiic a tdialtth ' V Idir m Lu We ur n11 it'51ns

during the tests. Data for tilS 1 2 sta tions U 112 ildicaittd IiyCII -dall 111112
in table 7.

B. ANA LYS IS-

1. 1;tagnation Pu1 int LIOIItin

Seve ral attemtrpts were tnode to correi'Qlate thu s Ia Lintioil-poi)It heat [Inst'ss
from tWe two sets of roke kt motor11 tusts (HDI ý 7. n, L/D n. 1.) I IK 7) And O ll

arc tests. AM approachus madu 5us of thu M~y and RAiduLI s ta gnulh

point heating expre ssion:

The flow condiions at the st agnaiotin point of the huniIsphor 122wI.rn CI a u la to2d
by a variety of p rocudare s An uMttiUn of thuse me Vthods is as5 L Hows

a. The unde rexpondeud jets were 121 Cs5th112 to expanld II tiht Sist 201)0

Mach numobe r at an ti-nagina ry dis ta nce ill(1 12 qaivo teit Cil111' tei giuen
by Love and Rous so in ruk" ,121121 d. TV jot was MenI osuio tt 21 S81111

diffuse accoriding to War runs thu ,ory wVithl : 2. o' (rti

intial jet-s tagntltion 112 ra ttiru to tIen (raer tioc ~th
comlputetd~ hach numiber a' t tin' hoi111(51)11 wa1 Cls giZ to than12'ii . INi, .1

normal shock w~s assme 11811((1 d idealI gasiti5211t~tils "oV '12 211P WYol 11)

coinpu[tet tile Hlow~ plop' 12tiat 5lt hit stanti m pOI al 101. Mh MC'L u t

gradient \Vas tihen assumed'.C independen1'il lt, i)'18i' Vlklt w1ild

sin-nilCar to tiltl Wotal t('ilpcr~rltI dcat'oy giVIC oI 5' WA 'lull. I %itl IM0k
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b. The underexpanded jets were assumed to expand to the isentropic
Mach number and area ratio. A normal shock was then assumed to

the shock were used to initiate a jet decay as given by Warren. 4 The
enthalpy decay and velocity gradient were approximated as described
in method (a.).

c. Measurements of the stagnation pressure indicated that the pro-
cedures used in methods (a. ) and (b. ) falsely predicted the stagnation
pressure at large pressure ratios. To imnprove the correlation, the
stagnation pressure was taken fromr the correlation shown in figure 3.
The jet Mach number used to compute the velocity gradient was taken
as the Mach number indicated by the static-to-stagnation prescure
ratio for y = 1. 3. The enthalpy attenuation was computed as described
in method (a.).

d. The results of the above attempts at correlation indicated that the
heating was more strongly a function of the pipe pressure and the L/D
ratio than was predicted by Warren's theory. The pressure ratio
influence indicated a jet Reynolds number effect, and the L/D influence
indicated the enthalpy attenuation of severely underexpanded jets
could not be adquately predicted by Warren's theory in light of this
evidence so the data was correlated by an equation of fornm:

K ( n

= K(ReP 1 M 1  dU 'IV ) I

Equation 1 will correlate all the data to within 20 percent in n = 1. 0,
m . 0. 2 and K = 1. 29 x 10-4. The steady state values of all tests are
shown in figure 3. The transientsfrom 1. 0 second to the end of each
test fall in the same band but have been omitted for clarity.

The various factors in equation I were approximated as follows:

1) Re (pUd4 =d ideal

L T /j d

2) H = unattenuated enthalpy of the gas in the pipe.

3) dU 0o

C16
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Ii!, \

U - M ) 't

k 47ie K

therefore

P Mi [1/
N ýK C~ _7 ( C -11 K. Htci 9

Although equation I has only boon applied to a limiled range of L[/I)
and 1`Re., it is th1 best correlation found tihs far, W\hein nlore is
known as to the structure and ent haliy dc a y of hnt unlerexpanaded
jets, a more sopjhistie ated a pproaclh may lie po.asil u .

2. Off-Sta gnation Point Heatini

The heat fluxes at two locations off thLe stagnation poinL may beC' rhlated to
the stagnation heat flux as seen in) figure 5. h'Io ieat-flux ratio it 30
degrees (1. 72-in. arc length) shows a transition at pressuri ratio let%\ LUen
3 and 4. This is the range of pressure ratio whoen a normal slhock appe ars
in the jet and the first cell in the series of ,Itocks .ceonts sta hi. As zi
result of this structure the jet spreading angle beoe anes Stllto11cr, theu tte
stagnation heat flux is increased relative to the locations off the stagnaminn
point. The location at 67 degrees (3. 88-inch arec Ong-thj slows\ just ;I
gradual decrease relative to the stagnation point. Since this location is
more than 7 jet diameters away from the stagnation point, tite eh anage ill
jet structure apparently has little effect on heat flux :at this position,
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TA A i I., P:

CALORIMETER LOCATIONS FOR AGGRAVATION EXPEI'RIMIPNTS

Number Portion of Model LoLocution

:Tc 1 Cone Axis of calorimeter 22. ý0 degrees from cmne
base with apex of angle at centcr of homrislpherical
cap.

TC 2 Cone 2.0 inches from calorimeter 1.

TC 3 Cone 2. 0 inches from calorinieter 2.

'C 4 Cone 180 degrees around model axis fro -n calorim -
eter 1.

IC 5 Gone 180 dogrees around model axis from calorim-
eter 2.

TC 6 Cone 180 degrees around model axis 'roni calorim-

eter 3.

TC 7 Outer Cylinder 5. 50 inches from base of cone.

TC8 Outer Cylinder 10.0 inches from base of cone, coplanar with 7.

IC 9 Outer Cylinder 12.5 inches from hase of cone, 180 degrees
around model axis from calorimeters 7 and 8.

TC 10 Outer Cylinder 7.5 inches froiii bas t of conIe, coplana' w1I itLI
calorimeter 9.

TCI1 Outer Cylinder 3.5 inches fromn base of cone, coplanar with
calorimeter 9.

TC12 Inner Cylinder 3. 42 inches from base of cone.

TC 13 Inner Cylinder 7.42 inches from base of cone, coplanar with 12.

TC114 Inner Cylinder I 2. 42 inches from base of cone, coplanar with 12.

TI 15 1H-emisphe rical Cap Angle between calorilneter and model center.-
lines: 67. 50 degrees.

IC, 16 Hemispherical Cap Angle between calorimeter and model center-
lines: 30. 0 degrees.

'PC 17 Ilernispherical Cap Angle butween calorinieter and model center-
lines: 0 degrees.

All calorimentrs are 0. 375 inch ii diinnutur and 1. 50 inche o hng.

*TG = Thermocouple.
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[Al I1V
CAIOHIM'['A•IIR 1,dAON

Stati o Radial Diat.,it, L at,.
I (inches)

A 0.0 Center ,[ rear plate.

B 1.0 1-jich Ifrom. station A.

C 2. 0 90 degl're!s O'r,,,.. radius throtgh . r tatLion H .

D 2.0 Oil cial-110tel' throUgh stations A and 13, 180
dcgrees mi\'iay r'l'om station 13.

E 3.0 On radius from A to 13.

IF' 4,0 On radius fron, A thlrough 1).

S( alorimeter stations 1 and l are identicil to thuso cited in table I.

TABLE 3

TEST CONITIlIONS FOR HYDROGEN-OXYGEN ROCKET ENGINE EXPERIMENTS

Chamber Mix ture Stagnation stag8 neatimit 13et V Ct-to
Fxperiment Pressure Ratil, Temperature Etllthlpy 1) Flieter Il1et-Area

Number (psia) (1b02/Ib]-Q) (°1) (Btu/Ib) 3lOchu) Ratio

Q* 85.2 4.05 3425 5170 0. 750 0. 222
4 0 82.7 4.07 5140 41180 0. 71O U, 420
40t, 82.2 4.08 54,10 51880 0. 130) 0.89O
4 S," 82.2 ,20 'A16 3 12 123 0. 750 1,680
,161-' 80,7 3,80 ,360 5 I 0. 0, 7'0 1,680
• 47,:" L 11. 7 3.96 1400 5137 0. 713 1, (80

48:, 81.2 3.80 1360 3100 30. 750 3. 2,I0

•19 63. 7 3. 70 2l10 5030 ., 1033 i, 78

S( 90.2 4. 52 i7 30 5190 . 303) . 7S
v,3 120. 7 4.08 9463) '1180 0. ;03) . 78
12 90.2 3.70 1280 10 W0 03, :33 0 .0 3H
1 9 1 1. 92 5 P70 5160 0. ',00 0. 9) .

14q I 1, 7 41. 09 1423 o 171 3. 1353) 0. 91,;
"1i 90.7 3. 88 137(0 9.1l) () 0)0 3. ) 'd
"63, 3,.7 3. 70 m1.80 Y ,) i3 0. .330 O,.

(C 3do, ted with he. i enc.r ta- -y1file'l,,r Illdul; all Athnr expnriloentls , prf,'rl,, d
with h .'ip3l, re,.tle In, l.

I1nt3,3hally , mi.O It,-utI wNs.,rtt ing ,unlett. cmlbun'stLion Af all C)(, tW• 1[?0 Ba.se Ill
• ,, t;, 3 ,t ,0 IA3(g) and 01 l (g) at 293"K.
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TABLE 4

TEST CONDITIONS FOR 10-MW AIR ARC EXPERIMENTS

Run Plenum Nozzle Power to Mass Flow Inlet Hole
Number Pressure, Diameter Air Rate Enthalpy* Diameter

(atmosphere, (inches) (Mw) (lb sec) (Btu/Ib) (inches)

3353 6.29 0.825 0,887 0. 276 3020 0.50

3557 3.71 1.200 2, 261 0. 217 9700 0.50

3559 10.44 0.60 0,766 0.241 3020 0.50

* Computed from mass flow rate and nozzle size.
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TABLE 5

T EST RESULTS FOR HYDROGEN-OXYGEN ROCKET ENGINE TESTS,
HEMISPHERE- CONE- CYLINDER MODEL

Time Ppipe Pbox Test No. 42 Station
(seconds) (psig) (Psig)_ý 14 15 16 17

(Heat Flux, Btu/ft2-sec)

0.0 86. 2 0. 0 0. 0 0.0 0.0 0.0
0.2 75.5 39.0 85 118 2ý 5 435
0. 5 76. 5 68. 5 20 62 102 19-5
0.8 71.2 58.2 112 160 340 5zo
1.0 70. 0 54.5 120 185 335 57ý
1.5 68.5 30.5 115 196 288 572
2.0 68.5 52.5 100 193 261 532
3. 0 70. 6 56, ?_ 110 16ý 2 5 95 460
4.0 71. 5 62. 0 98 125 231 400
5.0 1 72. 0 63, 5 1 94 1 107 205 355

Test No. 43

0.0 87. 5 o. 7 0. 0 0. 0.0 0.0
0. 3 76. 0 45. 5 40. 0 15 125 207
0.5 71, 5 39. 0 105 95 210 377
1.0 67. 5 26. 5 136 150 300 707
1. 1 67, 0 28, 2 126 163 317 755
2.0 67. 4 40.7 117 141 290 605
3.0 68.3 46.7 111 142 277 545
4.0 69, 5 51. 0 107 125 2 6 5 490
4.2 1 69.2 1 50. 2 __102 1 122 260 487

Test No. 44

0.0 88. 0 0. 7 0. 0 010 0.0 0.0
0.2 76. 0 28.3 92. 0 53.0 135 242
0. 5 69. 6 9.8 112 112 242 602
0.7 68.0 10.8 105 126 2ý2 657
1.0 68.0 14. 0 105 105 2 "' 3 550
1. 5 67. 3 17. 5 116 117 248 542
2.0 67. 2 22. 3 115 139 275 578
3.0 66.6 27. 5 10 ý5 1ý5 292 ý85
3.8 67. 2 21,11 98 137 298 612
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TABLE 5 (Concl'd)

Test No. 45

T re p b o ta tio nPpipe Pbox S~lf

(seconds) (pg') (psig) 14 15 16 17

(Heat Flux, Btu/ft2-sec,

0.0 87.8 0.0 0.0 0.0 0.0 100
0.2 80.8 10.2 98 78 178 373
0. 5 69.3 2.7 95 135 252 722
1.0 67.5 5. 5 105 125 235 1 597
1.5 66.6 7.3 110 127 254 571
2.0 67.3 8.8 112 142 275 572
2. 1 67. 3 8.4 110 137 271 547

60.5 9.0 117 147 300 601

Test No. 46

0.0 86.0 0.0 0.0 0.0 0.0 0.0
0.2 74.7 14. 2 100 105 260 4.11
0.5 67. 0 1.4 105 180 265 732
0.6 67. 0 2.8 108 176 260 777
1.0 66. 0 3.8 112 142 225 650
2.0 65.7 7.2 117 127 270 615
3.0 65. 1 9.0 110 110 270 565
3.8 65.6 10.9 103 93 260 565

Test No. 47

0.0 126.0 0.0 0.0 0.0 0.0 0.0
0.1 107.0 21.2 150.0 80.0 228 315
0.2 102.0 15. 5 165.0 125 315 675
0.4 98.0 8.0 178.0 238 450 1275
1.0 97.0 15.8 180.0 195 400 880
I.5 96.5 19. 1 158. 0 196 408 850
2.0 96.0 21.0 160.0 185 415 812
2.5 96.8 21.2 I 170.0 195 440 84 0
2.8 96.5 22.2 180.0 200 462 i 855

Test No. 48

0.0 87.0 0.0 0,0 0.0 0.,0 0 .0o
0. 75.5 9.8 45 20 45 215
0.3 70.0 1.0 92 80 190 635
0.8 67. 0 1. 120 55 270 825
1.0 66.3 2.0 106 112 245 1 704
1.5 66.4 2.0 ill 127 250 640
2.0 65.5 1 3.0 105 135 255 6,17
2.2 65.5 4.0 100 137 255 627
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TABLE 6

RESULTS FOR HYDROGEN- OXYGEN ROCKET ENGLNE TESTS,

HEMISPHERE-CONE MODEL

Test No. 49

Tinie Ppipe Pbox Station
(seconds) (psig) (psig) A B C D E F 1 4

(Heat Flux, Btu/fi-sec)

0.0 5.0 0.0 0,o0 0.0 0.01 00 o o

0.4 50.5 1.5 165 149 113 137 109 72 60 60

1.0 49.6 1.0 146 i 14 137 147 118 107 69 57

2.0 48.7 1.5 115 116 112 116 106 90 68 60

4.0 48.5 2.4 89 83 82 78 76 73 68 62

6.0 48.5 2.5 77 66 68 62 56 62 62 61

8.0 48.5 2.8 75 66 53 59 46 4 9 6_.0_ 5.5

Test No. 50

0. 1 4.0 0.0 0. 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.3 64.0. 9.5 169.0 200.0 156.0 246.0 163.0 144.0 100.0 80.0

0.5 77.0 2.0 242.0 238.0 2336.0 208.0 148.0 137..0 104.0 75.0

1.0 76.0 3.5 152.0 150.0 142.0 155.0 120.0 104.0 88.0 70.0

2.0 76.0 4.5 130.0 104.0 102,0 104.0 92.0 88.0 77,0 65.0

3.0 76.2 5. r 132.0 122.0 100,0 104.0 8 2.0 81.0 79.0 70.0

4.0 75.2 5.7 134.0 120.0 97.0 106.0 87.0 88.0 65.0 66.0

5,0 75,0 6.0 135,0 130.0 93.0 101.0 80.0 74.0 69.0 60.0

6.0 75.0 6.5 130,0 134.0 95.0 91.0 68.0 72.0 58,0 58,0

Test No. 51

0.1 7.5 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0,0

0,4 105 4.0 220 211 198 237 165 150 98 82

1.0 106 7.8 155 160 146 162 131 112 96 80

2.0 106 9.5 162 145 122 135 112 98 93 79

3.0 106 10.0 170 160 129 135 101 95 83 76

4.0 106 10.5 180 167 128 135 100 9,t 79 74

5.0 106 11.0 195 182 131 131 100 95 77 71

6,0 107 11.5 185 178 125 125 92 85 71 63
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TAIA13 ; 6 (,iI'I

UOst N. i2

Timge Lpipe Plbox StAti~m,

(seconds) (psig) (psig) A 1, C D 1; F 1 4
(l itFILux P, tul/ft2 S,-;,(-)

0.2 1.0 0.0 0,0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0. 5 76. 5 1. 5 186 190 166 195 143 130 96 60

0.6 78. 2 1.8 Z32 206 196 178 14(0 121 95 75
1.0 75.8 3. 1 160 166 1,14 190C 125 9!6 93 71

2.0 75.2 1. 5 1) 2 108 107 106 85 88 80 71

3.0 75,0 5.6 138 114 100 110 78 78 76 65
4.0 75. 5 s. 6 1,10 120 97 107 78 74 71 63
5.1 76. 2 6.2 1419 13 1 99) 104 74 7,1 67 64

5.8 77.0 2.6 12 130 1 O0 100 65 7) 56 62

I'c st N,. 5 ,

0.0 8s.0 0.0 U .o 0 . o0 0.00 0.0 ) 0 0.0 ) 0.0
9. 2 78. I 3 9. 3 -,' hl-• 1.34t 82 69 72 54
0.3.0 778.! .7 ) r) It 1% 1. 192 1 18 90 99 70

0. 70 76. 3 13.5 16 p 1'9 6" 1V, , 2 1 118 105 88

1. (0 76. 2 18. 3 170 160 194 1515 140 106 1o0o 90
2.00 76(.5 Zo.7 1 13 12.2 122 111 96 94 87

3.00 76. 2 31.2 12o II.- / 0 1 112 L 97 93 93 87

4. 00 7 ,.7 I4. 3 o I1(, 98 11 I0 90 90 84 81
4. 20 76.5 34.8 120 1 )-1 0 117 8.5 87 8 3 78

_.......... ...... Lf.. -- -.........

Te-st NW,, 'i,t

0.50 9. a 0.1 0. 0 .0 0. 0.0 0.0 0.0 0.0

0.30 100 3W.0 218 2.10 230 2 5f, --- 150 132 90.1 0

0, 20 1u6 29.0 2 2 I . 24 207 - 170 140 109

1 00 107 37.0 J0 19.' 1 202 -)-- l'l , 1 19 120
2. 0 107 413.0 1'- 15, 15,1 15 i6 --- 13 1 ? 1 11 1

3. 00 107 47.'0 148 1.1! 131 19 --- 9 110 11 103
4. 00 106 49.1 0 15ii 1,17 1-1 -- 110 107 105
5. 00 107 51.1 158 I o I 1 17 1 ,1 -- o 100oo 92
.60 0-7 1.0 <6/ , 162, 10 12o 1) 104
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TABLE 6 (Concl'd)

Test No. 55

Time Ppipe 'box Stations

(seconds) (psig) (psig) A B C D E F4
(Heat Flux, Btu/ft-zsCc)

0.20 5.0 5.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.50 76,2 9.1 220 194 191 186 --- 147 113 89

1.0 75.5 16.5 177 174 168 166 --- 132 110 103
2.0 76. 1 25.0 156 152 152 147 117 108 95
3.0 75.5 29.5 135 127 123 123 111 110 96
4.0 76.0 32.0 127 116 114 114 101 97 96

5.0 75.2 31.8 123 il1 100 104 94 94 85
6.0 75.5 32.5 139 128 106 118 88 86 87

Test No. 56

0.0 56.5 0.0 0o0 0.0 0.0 0.0 0.0 0.0 0.0
0.2 53.0 24.2 81.5 71.0 61.0 94.0 --- 49 35 41
0.7 50.0 5.5 143.0 129.0 118.0 129.0 --- 96 71 57
1.0 50.5 7.0 123 123.0 118 131.0 --- 95 67 73

2.0 49.4 11.7 104 108 106 100 --- 77 62 65
4. 0 48.8 15. 5 93 86 79 79 --- 72 66 65
6.0 48.6 19. 5 95 79 70 72 --- 62 61 66
8. 0 49. 0 22.7 87 74 62 64 50 55 48
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SUMMARY

Work contiaued in the are.as of flight anrd ground tests designcd
to obtain basic data on internal hcaLing phenomena of perforated r•.
en:.cv vehic les

The second NASA Wallops Island flight test was launched on
7 May 1963, and again resulted in successful telemetry of data
througLut re-entry, with successful recovery of the model. Prelimi•-
ary data are being analyzed.

The model for the internal heating tests of coupled and un-
coupled flow was completed and delivered to Cornell Aeronautical
Laboratory for testing in the Wave Superheater Facility. Tests will
be conducted in dulyo

A program has been initiated to determine flow characteristics
of various geometry orifices having supersonic tangential approach
flow. A detaild description of the cest objectives and concept is
included, Tests are scheduled for AEDC Tunnel E-1 In October.

A checkout o"'t6'"'maliý'subroutiies of the IBM 7090 internal
Heating Computer Program has been z'ompleted. A complete checkout of !]L'
program will be conduCted concurrentL with parametric studies. Plans
for additional modifications of the program are diacusscdo

The the rmostructural inve-siigptions were resumed w.t th studies or
the Mark 3 vehicle. Emphasis is being placed on the stresses at the
cone-cylinder juncture due to penetration of the conical portion.

During the past. q.artc,.r., emphasis was placed on flight and grcuwl
tests dolsgned to obtain baa!.( daLa on internal heating phenomena of
perfo-:ated r,.cn:ry vehicles. Thermo.truc t..ural SLudies Of srructUra
failure modie were resumcald., Descriptions of progress it) eac-h phase of
the. program iro g-.Iveo be.lcw..

WAL1,0PS fSLAND ý,Llf?:1T PiEGGfAM

The Zec.onid Fllghl ;wa', aanu cl,-c.d on 7 May 1963, and ;.gain rCsult:d
in. ,ucccsful elamt-try of da:a throughout re-antry, with `ucceCv;f1ul
recov,!ry of .i:e mowdel., The sc cond fight: ndel contained an inlet
orifit-L on ch W ,:non cap 60 - ..1 ' a:y from the st ga.'I. ion poi"nt, p1lk-
two vent por't. on chle zone I , I .. y -:.-evcre ablat.ion 0LC Oct .fr .

immediately '1arotr.tiim of thj nieL oificc .
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A vixof yr. mrsyres-ulifs. L L Ji was iIdat

V~AA.vc•*yfoil owed by ai, s of pot 1IfI IY Lrs'r ; AJt'n n

1E22i~il '7Qnparo~awlUit, Malta RoczktýI. hxhat; es, .. tso d;.lJ

' '' r tli irtrna.2ý eat trLnr':ý..stzst C' co,;plIsd and ac
f f~-' dl~ .,:,~ Coirne.c1, Axrzu.auc!vicai Laboý:ata.r'
f> cr r~ i~in. the-, Sverheatl!r F,&sility. A deseziptiou of E/

o ~ t 'nditio~ns -wc, giventr itrfrnz 1. The tests are
fortc lateý raly, lue- to a d-:ia' fi fcil ts schzeduli,'

I b tcn-u~t Iinx U00, Turnnel E-1I to ~etarmine the
lis;b~r&Žes~iote n f orifictes lhaing, supcersonic cringential appt!:one!!I

row K~x nteaswel as;;lrctyprofiles and ',irection Oac the(
1 1,w h-a dc-tearmtrxut[ as furte Lions co• :ipproach Mach 'uht

7'r4 if wn it'tiertt -jaatie, and orifice,:- pressue- rti. .
rV it V ofi ctof anti oLe diam~etear and obliqutt:y on flow v:
1 ' ~ton'ciAl IQ Fm~nie2Ior: variousoi3 i:-ctik~n

ru ~ ~ ~ ~ uwlt, 1 ' -. eapohMa¾oms, and -!-e ef fects of orifice sh'ape..
itr' "wd le't ircinwill be determined' for oeorifice
hi- ~......J~aust:: raio t ne ape,-rro-acli Mach number.

'~- ~ii~ A n~4by mo.-untin,.g a box ,:o the tunnel1
'J1¾n t- fli ~st 9,-,tion. 'Ste..vdy state flow rates will

",~ }-. Iv ev' iuatinrg thJr box by rcsarsr of an vacuum pump, to
Er~y-v ~u-' r''no TI:,e. £134 rete thru the orifice will

I * ¾ ' lv7 meter. '.Me s t.i pressure, upstt~eam
soi cir r'Alof- tV cr an ill, be, niiearured in- order to permit

a'; e rvuko in tormar ot a --Umensioailess flow coeffi-
ti(,no'. T.. totý stry. of the xnr~nlaed jet: will be conducted within the
hoat. acvealMotenets;v dowfnstream of the orifice exit. Photographs
'Sclirs~; r e!hslowgraph) o.F the expande-:d jet within the box will be

.:bt~tnad or ech run, At hecompletion of eao~h ;niLhe vacuum pump
will. beý *Ihat dm. andl pho~utoraphs will be taken o.1 the flow pattern
exiv,"ing witY.in the box wit!' nio box. o0ltflOW. Boundary layer velocity
profiles ori thbe tu!-nel wall will be obu.ained upstream and downstreamt
,.t bhw orifice.%
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The reu t ti l • n • cd ..... zr " thfrtya a :n p irl,.-•

methods of computing flow rate, jet dirEction, and jet diffusion. a1
functions of the independent variables. This information Is nedudI
to perform internal heating analyses of perforated rn-entry vehicles.

A preliminary design of the model and instrumentation has been
completed by AEDC personnel to aissure mocel compatibility with the
tunnel facility. The detieiled design and manufacture of the model and
associated instrumentation will be performed by GE/RSD.

A temtativE: t'.r-t schedule hap:. been t-:t up with AEDC and the
Air Force. Tunnel time in E-I i.3 anticipatvd to be four weeks, from
30 September to 25 October 1963, inclusive.

PARAME-,TRIC COtNM;TATIONS

A chec-kout of the main subroutines of the IBM 7090 Internal
Heating Program has been completed. A c-ompleteci checkout of the
program will be conducted concurrent with parametric studies on the
C-1 Advanced Concept Target Vehicle. It io atle planned to use the
program to perform predictions of internal heating and pressure for
the Wallops Island flight models.

In the present form, the program is set up to predict internal
heating for uncoupled flow conditions, either vented or unventea.
It is planned to modify the program to also ez,.c'•immodatc coupled flow
conditions buased on the internal heating tests being conducted at the
Cornell Aeronautical Laboratory. In addition, the program will be
updated periodioally to reflect advances in state-of-the-art of
internal heating tefthnology in the areas of orifice flow character-
istics, jet diffusionr, jet impingenmmnt heating, and wall jet heat
transfer.

SlR ...1TR4L SWT'S

The the.rmostruotural inve.,tigat.ionu w.*:re resumed with studies• of
the Mark 3 vehicle-'. The ,aone-cylinder forward cavity structure of thlI
vehicle is being investigated, sin,"ce this typ' of structure behaves
differez•ntly than the conical shells3 previously studied. A penstratlon
of the conical shell resulted in an elualization of internal and *2•.

ternal pressure (a.suming uncouplcd flow) thus reducing the contribution
of the mcrharical loads to the failure mechanism. A penetration of the
conical portion of the Mark 3 cone-cylinder structure results in a
pressure equalization of the conical section and an outward acting
pressure on the oylindrical section.
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J i.ý:[teremj r I j;.11:c~si loadia.,, may be ap~ct aand ;ts 'cr s
Iailure atc a :aij altitude tha~n thaL conscL'riayet~au t'
-he nltn;&ipataeof the shell. only. Tht. actuarl d

cC th-nis ci2Cs th*-,e iammdiate goal of u. is s

The Lr~ershown in the pre ýio~s 11KM Anniual Repi k)*- -xe

.ýs being -sod. The specif'ic -v-e.iiclz erre2 and weighi: ý.'1 . II,
were obtair.ýA' :.:.zm past RMD doc~imeuts. UsilL , Otiis trajeCt,',v', ~' LiciC
g.eometry at'i Ci cynamic c-haracteristýics , s. . rictcoral load's wei e.
c~alculated wýo tJo vehicle. a-, vSZias Limes along thece ¾y rh

£PC esul'i-D.., -zýesses are being: caic Alated at. '-he cone-cyrIa a-dI
cincture Jisxaý Urio abcuve loads and inCi",ence coefficierits COMPu ci.

This spec t.lc 'V c ýeometCy.
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The efforts at ARAP in the several areas of responsibility
with which it is concerned are reviewed briefly. These areas
include over-all management and coordination tasks as well as
theoretical and experimental work on jet decay, jet impingement,
wall jet problems, and coupled flow phenomena. Certain
problems which will receive close attention in the coming year
are mentioned.

MANAGEMENT AND COORDINATION

Among the usual liaison and interpretive duties required
under this portion of the program, ARAP has been involved,
during the past quarter, in several projects which should be
mentioned herein.

1. A meeting was held on April. 22, 1963, at ARAP including
representatives of ARAP, ONR, AVCO, and General Electric to
discuss the current status of the efforts of the various
participants in the Aerothermal Phase and to outline future
plans. Recent results achieved by these groups in their various
experimental and theoretical efforts were presented and
discussed.

2. A paper covering the various technical problems of'
aerothermal kill mechanisms was presented at the Sixth
Symposium on Hypervelocity Impact in Cleveland on May 2, 1963.

3. A preliminary study was performed on the feasibility
of using foam materials for the protection of vehicle interiors
against aerothermal effects. A memorandum was prepared which
summarized briefly the pertinent current information on such
foams.

Further study of the problems of' flow coupling and
buoyancy has been made and plans have been formulated for,
additional investigations of these problems during the coming
year.

The experimental study of coupled flows under, way at ARAP
has been described in previous Progress Reports.

JET IMPINGEMENT AND WALL JET STUDIES

Theoretical

A theoretical study has been under'taken in arn attemot to
develop a theory for the incompressible tLurbulernt ITad(ial
wall jet which will agree with present experimental information
and which may be extended to the case of compressible flow.
This study has been undertaken so as to have a rational theory
for the distribution of heat transfer in the region adjacent
to an impinging jet.
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Experimental

A detailed discussion of the jet impingement experimental
program was presented in the previous Progress Report. Sub-
sequent to that report, the tests for normal impingement on
all four models have been completed.. The data are now in
the process of reduction and no additional conclusions will
be presented at this time. Because of' the obvious impoothanne
of local shock structure in an under expanded free jet, a
detailed survey was made with the flat plate model in the
region of superoronic impingement. The results of this series
of tests should make possible a more meaningful interpretation
of all the impingement data taken under similar underexpanded
conditions for the other models.

A program to gather data under conditions of oblique
impingement is now in progress.
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